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Abstract

:

The quest of earth-abundant bifunctional electrocatalysts for highly efficient oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) is essential for clean and renewable energy systems. Herein, directed by the experimental analysis, we demonstrate layered nickel lithium phosphosulfide (NiLiP2S6) crystal as a highly efficient water-splitting catalyst in alkaline media. With strained lattice due to stacked layers as observed by TEM and electronic structure analysis performed by XPS showed mixed Ni2+,3+ oxidation states induced by addition of Li as a cation, NiLiP2S6 displays excellent OER (current density of 10 mA cm–2 showed an overpotential of 303 mV vs. RHE and a Tafel slope of 114 mV dec–1) and HER activity (current density of −10 mA cm–2 showed an overpotential of 184 mV vs. RHE and a Tafel slope of 94.5 mV dec–1). Finally, an alkaline media was employed to demonstrate the overall water splitting using NiLiP2S6 as both the anode and the cathode, which attained a 50 mA cm−2 current density at 1.68 V. This bimetallic phosphosulfide, together with long-term stability and enhanced intrinsic activity, shows enormous potential in water splitting applications.
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1. Introduction


The overuse of fossil fuels has led to rapid climate change, global warming, and a shortage of natural reserves, and pushed us to quest for sustainable and alternative energy sources [1]. Hydrogen energy (H2) produced by water electrolysis is purer, environmentally benign and generates low carbon emissions, and has long been pursued as an alternative to fossil fuels [2,3]. Active oxygen and hydrogen evolution reaction (OER and HER) electrocatalysts are desired to enhance the reaction rate at low-overpotential for catalyzation of bond-forming and bond-breaking reactions [4]. Platinum-based group metals and their oxides (e.g., IrO2 and RuO2) have been employed as the most efficient commercial OER and HER catalysts owing to their surface transient states for oxygen electrode reactions [5]. However, IrO2-Pt needs a larger cell voltage (1.75–2.0 V) than the thermodynamic value (1.23 V) to maintain commercially viable current density as a water electrolyzer [6]. Unfortunately, factors like catalyst deterioration over long-term performance, scarcity, and high costs have limited their scope for large-scale industrialization [7].



Accordingly, it is crucial to seek highly effective, durable, and earth-abundant catalysts to realize the commercialization of water electrolyzers with less energy consumption at large scales [8]. Owing to their thermodynamic advantages, a series of materials such as layered metal hydroxides [9] and metal perovskite oxides [10,11] were investigated as efficient OER catalysts, and materials like phosphides [12], phosphosulfides [13], sulfides [14], disulfides [15], transition metal dichalcogenides [16], selenides [17], and carbon-based catalysts [18] were studied as potential HER catalysts.



Layered metal transition thiophosphates were first discovered in late 1894 [19] and, later, described in more detail by Ferrand [20]. Structurally all members in this class of materials share common P2(Se/S)6 sublattice anion within every layer. The cation side can accommodate alkali and alkaline earth elements, transition metals, and some heavier elements like Ag, Cd, and Pb with [P2Se6]4− and [P2S6]4− anions. Considering their structural variations, which give rise to interesting magnetic and electronic properties, one can see classifications immediately span a vast breadth of materials extensive research work, ranging from magnetic properties [21] to applications like H2 storage [22] and Li-ion batteries [23].



Based on the reported citation, Mn2P2S6 shows superior performance in oxygen reduction reaction (ORR), and Co2P2S6 exhibits excellent OER performance [24]. In particular, Fe2P2S6 and Ni2P2S6 are the attractive members and most studied materials for this family of materials, considering their magnetic ordering and large Li+ ions storage capacity. Barj et al. [25] reported the lithium intercalation LixMPS3 with M = Ni, Fe in the range of 0 < x < 1.5 and concluded that Li+ ions settle 2d and 4h octahedral sites which give rise to best energy yields for superior electrochemical performance. However, if the intercalated species is charged, overall electroneutrality is maintained by metal cations either (a) being reduced (as in the case of lithium intercalation in Ni2P2S6 and Fe2P2S6) or (b) leaving the structure to maintain the charge balance. This can affect the overall electrochemical performance.



To the best of our knowledge, until this date, no reports have been published on the inclusion of Li as a cation in the layered nickel phosphosulfide. Here we report novel NiLiP2S6 as a layered material using the chemical vapor transport method (CVT). Information about crystal structure and space group are described in detail. As prepared few-layered NiLiP2S6 crystals were washed and used directly as bifunctional OER/HER catalyst in alkaline media. A three-electrode cell configuration employing 1 M KOH electrolyte, NiLiP2S6 crystals showed excellent electrochemical performance as a bifunctional catalyst for OER and HER. Together with long-term stability and durability, it indicates enormous potential as a water electrolyzer catalyst.




2. Results and Discussion


X-ray diffraction (XRD) pattern of NLPS and Rietveld refinement analysis results are shown in Figure 1a. Rietveld analysis further revealed that the NLPS sample belongs to the monoclinic crystal structure (space group A2/m, a = 5.99 (2) Å, b = 11.06 (10) Å, c = 13.54 (9) Å, β = 105.99° (3)), confirming the single-phase product. A close examination of the sharp diffraction peak around 13.8° indicates high crystallinity in the layered structure sample. The crystallite size and strain values at the major peak calculated from the XRD data were 37.65 nm and 7.3 × 10−3 respectively. Table S1 contains the crystallite size and strain values for other major peak intensities. Table S2 enlists the reliability factors of Rietveld refinement analysis, information about atomic coordinates, and unit cell volume. Figure 1b shows NLPS crystal structure exhibiting layers of phosphorous and alkali metal atoms sandwiched between the sulfur layers, forming a honeycomb pattern. This facilitates the alkali metal atoms intercalation in the layered structure. This kind of ordered intercalated layered structure would give rise to spin imbalance as proposed in the model by Evans et al. [26] which possibly explains the superior bifunctional catalytic activity for HER and OER. Figure 1c shows crystal structure in a 2 × 2 layer arrangement displaying alternating honeycomb structure. Figure S2 shows the inter atomic distances between individual atoms. The structure and morphology of layered NLPS single crystal are further characterized by Transmission and Scanning Electron Microscopy (TEM and SEM).



SEM analysis shows layer by layer stacking of a single crystal, as seen in Figure 2a. A single crystal was cleaved and TEM analysis was performed. Figure 2b displays a cleaved thin layer of single crystal, with the presence of strain along the boundaries of the individual lamella stacked on top of each other. Figure 2c represents stacked layers of a single crystal. Moreover, the HRTEM image confirms the high crystallinity and clearly showing hexagonal lattice. Figure 2d illustrates the high-resolution image as well as strain analysis of NLPS single crystal. The origin of strain can be explained by the presence of layer by layer stacking in NLPS. Liu et al. [27] explored a metal thiophosphate band structure in water-splitting reaction computationally. It was observed that the presence of strain counter-intuitively somehow decreases the bandgap, thus, making these materials excellent in water splitting due to tunable band structure. This in turn, presents the most effective combination of electronegativity and electron affinity allows redox of O2/H2O and H+/H2O to be placed below the valence band maximum and conduction band minimum, respectively. The red inset in Figure 2d clearly shows a hexagonal lattice while the top right inset shows a hexagonal pattern along the (010) plane and the observation matches well with X-ray analysis. D-spacing analysis was performed and demonstrated in Figure 2e. The calculated value along the (131) plane is found to be 2.93 Å, which is matched with powder X-ray Rietveld refinement analysis. Selective area electron diffraction pattern (SAED) in Figure 2f reveals some hexagonal superlattice. The origin of the superlattice can be due to the metal ions intercalation. Another reason could be due to strain, which in principle is responsible for atomic bonding directly and presents an ideal platform for tuning surface catalysis [28]. This explains the enhanced bi-functional catalytic performance of NLPS.



Furthermore, composition and valence state, as well as the bonding characteristics of NLPS, were further analyzed by XPS. The analysis confirms the presence of lithium, nickel, phosphorous, and sulfur species, as shown in Figure 3. Figure 3a shows Ni core-level spectra and distribution of Ni2+ and Ni3+. The Ni/Li cation peak ratio intensities obtained from the XPS analyses of the NLPS sample were very close to the original stoichiometry values during the initial analysis. The core-level spectrum of Ni 2p has its spin-orbit doublet into high energy Ni 2p3/2 and low energy Ni 2p1/2, regions, respectively. Oxidation states of Ni 2p3/2 prominent peaks were found at a B.E of 854.7 eV with the relative intensity of Ni2+ > Ni3+. Moreover, the satellite feature was positioned at 859.8 eV. The binding state of low energy Ni 2p1/2 peak was located at the binding energy of 872.3 eV with a little difference in intensities of Ni2+ and Ni3+ ions. The satellite feature was positioned at 877.3 eV. The core-level spectrum of P 2p (Figure 3b) and S 2p (Figure 3c) region show spin doublets 2p1/2 and 2p3/2 without any traces of oxides and additional phases. The oxidation state of P4+ and S2- were located at the B.E of 132 eV (P 2p3/2) and 165 eV (S 2p3/2), respectively. Figure 3d shows Li 1s core-level spectra. The asymmetric peak positioned around 55.3 ± 0.06 eV rules out decisively the presence of any contaminated species and confirmed the presence of pure Li+ metal ion. Moreover, it is impossible to avoid surface oxidation of layered materials under longtime exposition into the air atmosphere. As shown in Figure S3, the surface of the NLPS get oxidized after longtime expose to air.



A standard three-electrode system was used to investigate the OER activity of NLPS on nickel foam (called NLPS/Ni foam) in 1 M KOH solution. The linear sweep voltammetry (LSV) curves of NLPS/Ni foam and bare nickel foam are shown. As displayed in Figure 4a, NLPS/Ni foam shows the most prominent catalytic current activity for OER at 10 mA cm−2 with the smallest overpotential of 303 mV at the expense of lowest onset potential of ~1.48 V vs. RHE. When the anodic current density reached 50 mA cm−2, the respective over potentials of the NLPS/Ni foam and Ni foam were 330 and 470 mV. This indicates the superior OER activity of NLPS/Ni foam.



Furthermore, Tafel plots (derived from polarization LSV curves) were used to evaluate the OER process kinetics as shown in Figure 4a. As can be seen from Figure 4b, the NLPS/Ni foam displays the minimal Tafel slope value of 114.2 mV dec−1, which is superior than Ni foam (180.4 mV dec−1). This explains the fastest OER process kinetics of NLPS/Ni foam catalyst. EIS (Electrochemical impedance spectroscopy) was performed to investigate kinetics. While comparing the NLPS/Ni foam and Ni foam, it was observed that NLPS/Ni foam displays a remarkably lower charge-transfer resistance (Figure 4c). The electrochemical impedance spectroscopy data confirms that the NLPS/Ni foam shows rapid charge-transfer during the catalytic reaction, which matches well with the results of low Tafel slope and more positive onset potential. In addition, to evaluate the overall catalytic performance in practice, the high OER durability of catalyst is very crucial. For that reason, the OER durability of the NLPS/Ni foam was recorded. The time-dependent NLPS/Ni foam current density profile was evaluated for 20 h under a constant current density of 10 mA cm−2. Figure 4d indicates that NLPS/Ni foam exhibits excellent stability toward OER.



A standard three-electrode system was employed to evaluate the HER activity of NLPS on nickel foam (called NLPS/Ni foam), Ni foam, and standard Pt/C in alkaline media. The LSV polarization curves displays that NLPS/Ni foam undergoes a relatively small value of 184 mV overpotential to attain a current density of 10 mA cm−2, notably lower than the 276 mV of Ni foam (Figure 5a). As expected, Pt/C displays smallest onset potential (around-zero) and undergoes 50 mV of overpotential value at 10 mA cm−2 current density. Figure 5b shows the NLPS/Ni foam Tafel slope value of 94.5 mV dec−1, which is considerably lower than pure Ni foam (145.3 mV dec−1). This shows that the NLPS/Ni foam has effective HER electron transfer. As shown in Figure 5c, the chronopotentiometry test for NLPS/Ni foam at j = 20 mA cm−2 shows that the overpotential is nearly constant during the continuous operation for 20 h. Besides, effective electrode surface area was evaluated by measuring Cdl (electrochemical double-layer capacitance). NLPS/Ni foam exhibits the largest Cdl of 3.6 mF cm−2, which is much larger than Ni foam (0.8 mF cm−2), demonstrating the most considerable exposure of effective active sites (Figure 5d and Figure S4). Further, a whole-cell water electrolyzer was employed in 1 M KOH, while for both anode and cathode, NLPS/Ni foam was used. The polarization LSV curve of the NLPS/Ni foam cell was measured and compared to the cell constructed using Ni foam. As shown in Figure 6a, the NLPS/Ni foam cell displays better performance to the Ni foam cell. The potential required for a whole-cell water electrolyzer in the case of NLPS/Ni foam is only 1.68 V (without iR-correction) to attain current density of 50 mA cm−2, which is better than Ni foam (1.8 V at 20 mA cm−2). The NLPS/Ni foam cell also exhibits excellent long-term stability during the 20 h bulk water electrolysis at j = 50 mA cm−2 (Figure 6b). In order to prove the intrinsic activity of NLPS catalyst, the current density of overall water splitting reaction was normalized by ECSA. As shown in Figure S4c, after being normalized by ECSA, the current density still shows better than pure Ni foam. Figure 6c shows the schematic illustration of the NLPS/Ni foam electrode for overall water splitting as both the anode and the cathode.




3. Materials and Methods


3.1. Preparation of NiLiP2S6 (NLPS) Crystal


NiLiP2S6 crystals were synthesized via the chemical vapor transport (CVT) method. Lithium sulfide (Li2S) powder (Alfa Aesar, 99.99%, Ward Hill, MA, USA), Sulphur powder (Alfa Aesar, 99.99%, Ward Hill, MA, USA), nickel powder (Alfa Aesar, 99.99%, Ward Hill, MA, USA), and phosphorous red lump (Alfa Aesar, 99.999%, Alfa Aesar, 99.99%, Ward Hill, MA, USA) were used as a starting precursor for compound growth. A stoichiometric amount of precursors was mixed in the Ar atmosphere glovebox and subsequently sealed in a quartz tube with 10−4 to 10−5 torr of an internal pressure. Initially, the compound was heated for 10 h, followed by the grinding. Compound was sealed again in a quartz tube under similar conditions and put for a second round of heating at 600 °C for 24 h. Finally, the compound was ground again inside the glove box and sealed quartz tubes were subjected to a dual-zone horizontal tube furnace (700 °C–600 °C for 200 h) for one week. Fine quality crystals were collected and washed with ethanol as shown in Figure S1.




3.2. Structural Characterization


X-ray Powder Diffraction was obtained by using powder D2 phaser Bruker X-ray diffractometer with wavelength λ = 1.54 Å (Cu-Kα radiation) operated at 30 mA and 40 kV (Bruker, Ettlingen., Germany). Structural morphology was characterized by employing SEM (scanning electron microscopy) 8020SU, Hitachi at 2 KV voltage equipped with the EDX (energy-dispersive X-ray spectroscopy, Hitachi, Mannheim., Germany). HRTEM (high-resolution transmission electron microscopy) pictures were recorded using the STWIN F30 G2 Tecnai instrument having a 200 KV capacity for gun (FEI, Yumpu., Switzerland). X-ray spectroscopy (XPS) analysis was performed on a VG ESCA Scientific theta probe using AlKα monochromatic as the exciting source (Thermo fisher scientific, Waltham, MA, USA). Au 4f peaks were used to carefully calibrate the peak intensity positions of XPS. For background subtraction, Shirley procedure was used and later Voigt fitting function was employed for deconvolution of individual XPS spectra’s. ETMs were placed on PEDOT/ITO: a 20-s time interval was used for 1 KeV ion-energy to hit the interface of specimen. Carbon peak recorded at 284.5 eV was used as reference for all B.E. In order to fit the XPS data, GL (Gaussian Lorentzian) function and Shirley background was taken in to account.




3.3. Electrochemical Measurements


Commercial Ni foam (NF) with 1.6 mm thickness and 350 g/m3 density was cut into small pieces approximately 2 cm2 (working area 1 × 1 cm2) in the area and subsequently sonicated with 1 M HCL, ethanol, and DI water for 30 min each. A total of 10 mg of catalyst dissolved in 1035 μL of 35 μL of Nafion and isopropanol/water solvent 1:1. A homogenous ink was obtained by stirring the mixture followed by 50 min sonication. A total of 100 μL of ink solution drop cast on NF (1 × 1 cm2) was used as working electrode (approximately 0.94 mg cm−2), Ag/AgCl electrode (saturated KCl solution, 0.197 V vs. RHE), and graphite rod were used as counter and reference electrodes, respectively. All the electrochemical performance was measured in alkaline media (1M KOH). Oxygen and hydrogen evolution reaction (OER) and (HER) polarization LSV curves were achieved in N2 saturated electrolyte by LSV at a scan rate of 5 mV s−1 (30% iR compensation value was used). Electrochemical impedance spectroscopy (EIS) was recorded in the frequency range from 0.1 Hz to 100 kHz.




3.4. Overall Water Splitting Test


In order to conduct the overall water electrolysis test, a three-electrode configuration having Ag/AgCl as a reference electrode was used. The anode and cathode was carefully prepared by drop-casting the prepared NLPS/Ni foam catalyst ink onto Ni foam with a controlled catalyst loading density of 1mg cm−2. The overall water splitting measurements were carried out in a de-aerated 1M KOH aqueous solution. The geometric area of the catalyst was used to normalize the current density (measurements performed without iR compensation).





4. Conclusions


To summarize, novel layered NiLiP2S6 crystals were obtained from chemical vapor transport method, and their bifunctional electrochemical properties were investigated. Further, crystal structure was discussed in detail along with the impact of strain in the layered lamella on electrochemical properties. NLPS/Ni foam display excellent HER electrochemical activity with a minimal overpotential of 184 mV vs. RHE for j = −10 mA cm–2 current density and a Tafel slope of 94 mV dec–1. Similarly, NLPS/Ni foam shows excellent OER activity with a minimal overpotential of 303 mV vs. RHE for j = 10 mA cm–2 current density and a Tafel slope of 114.2 mV dec–1, making it an excellent bifunctional catalyst better than many reported materials. Concertedly with promising long term durability for 20 h, it is expected that such layered metal phosphosulfide catalyst have great potential for renewable energy storage systems.
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Figure 1. Experimental and simulated Rietveld refinement analysis and crystal structure of NLPS: (a) Rietveld analysis of X-ray powder diffraction data of NiLiP2S6 and unit cell; (b) complete crystal structure; (c) asymmetrical 2 × 2 layer crystal structure. 
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Figure 2. Scanning and Transmission Electron Microscopy images of NLPS: (a) SEM image of layered Single crystal. (b) HRTEM image of cleaved thin layer single crystal. (c) HRTEM image exhibiting layered stacking of single crystal. (d) HRTEM image displaying strain lattice with top-right inset shows a hexagonal pattern. (e) Inset at the upper right corner shows d-spacing between atoms along with atoms arrangement. (f) Inset at the upper right corner shows SAED (selective area electron diffraction pattern) and super lattice. 
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Figure 3. XPS (X-ray photoelectron spectroscopy) of the NLPS, (a) Ni 2p spectra, (b) P 2p spectra, (c) S 2p spectra, (d) Li 1s spectra. 
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Figure 4. OER electrocatalytic performance in alkaline media. (a) Polarization LSV curves and (b) Tafel plots of NLPS/Ni foam and Ni foam; (c) EIS Nyquist Plot for catalysts; (d) durability test of NLPS/Ni foam at 10 mA cm−2. 
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Figure 5. HER electrocatalytic performance in alkaline media. (a) Polarization LSV curves and (b) Tafel plots of NLPS/Ni foam and Ni foam; (c) durability test of NLPS/Ni foam at −20 mA cm−2; (d) linear plot of ∆j vs. scan rate of NLPS/Ni foam. 
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Figure 6. Overall water splitting in alkaline media. (a) Polarization LSV curves of NLPS/Ni foam and Ni foam; (b) durability test of NLPS/Ni foam at 50 mA cm−2; (c) schematic illustration of NLPS/Ni foam electrode as both the anode and cathode the for overall water splitting. 






Figure 6. Overall water splitting in alkaline media. (a) Polarization LSV curves of NLPS/Ni foam and Ni foam; (b) durability test of NLPS/Ni foam at 50 mA cm−2; (c) schematic illustration of NLPS/Ni foam electrode as both the anode and cathode the for overall water splitting.



[image: Catalysts 11 00786 g006]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
NiLiP,S; Single' €rystal /| (b)

200 nm

—

10 nm

10nm






nav.xhtml


  catalysts-11-00786


  
    		
      catalysts-11-00786
    


  




  





media/file2.png
. —— Observed
+ Calculated
—— Difference
E.\ Bragg Position
<
N’
£
7}
=
[P)
N
=
p
FOEIE FPIRE 0 W T T DO OO 00000 |00 000t 0 g
" Pt [ TR YA
10 20 30 40 60 70

50
20

80






media/file5.jpg
Intensity (a.u)

g
i

P2
P2,
£

S0 @75 870 865 @0 sss 850 w0 18 1% 13 12 10 128

Binding Energy (aV) d Binding Energy (6V)

o e B

s,
S, 3

G 68 66 ted  tez 160 6T 0 s 8 5 5 55 54 8

Binding Energy (aV)

Binding Energy (oV)





media/file3.jpg





media/file1.jpg
Intensity (a.u)

—— Observed
Caleulaed

—— Difference
Brag Posiion






media/file7.jpg
Current Density (mAem?)
&

o N
o Nifoum

Nt Nt

Potential (V vs. RHE

—NLPSN foum
— Nifoum

S NLPSN foum
o Nifoun

S NLPSN foam

.
s Lrtomaent
9900,
Las
o 3 b T L REEIE

Time (hrs)





media/file10.png
&

a —20% PUC o = NLPS/Ni foam
\ h
£ == NLPS/Ni foam = 0.5 == Nifoam
o e Nii foam -4
<« -20 7
£ ¥ 4 > a
g 9 25
2 ¥ 4 H Z()A .
Z g 2 = o
2 .40 & ° = ,',a‘
73 ° =
) d o H 5 099°
g s 3 H g. a5y 8¢’ T
E -60 : Qo s S 03 pe 20000909
3 ° ° ° 2 02992
© ° ° ° ] P
° ° 5
Ld L) L) -
0.7 -06 -05 04 -03 -02 -0.1 00 0.1 4 1 16 17 18, 19 20
Potential (V vs. RHE) Log (J/ mA ¢cm™)
C-o d 0.14
= NLPS/Ni foam
012 ——NLPS/Ni foam
5-0.15 ¢ ——Ni foam
T .
I~ (\..E 0.10
g-020 S 0.08
Z 100093209, @omacm? | &
= = 0.06
g -0.25 ~
= =
12} < 0.04
£ 030 0.8 mF cm?
0.02 /
-0.35
20 5 10 15 20 25

8 12
Time (Hours)

Scan Rate (mV s'l)






media/file12.png
o

5§ 8 8

Current Density (mA cm?)

8

18
=== NLPSNi foam

4 d @50mAcm?

s

w— Ni foam
w— NLPS/Ni foam

o

»

Potential (V vs. RHE)
o

A

(o _——






media/file9.jpg
=

Current Density (mA cm™)
H &

c o

Potential (V vs.
g
3
g

035

— NS foam

R e
= H]

: i

Zon -

e

g

g o

s

S R

(Vvs.RHE

)

Log (J/mA em?)

—NLPSNfoam
Nitoam

e s
Scan Rate (mV s






media/file0.png





media/file8.png
=n

a'"" 0.6
o @ NLPS/Ni Foam 3 o' :N!J"S/Ni foam
o @ Ni foam ] : " Ni foam
] 1 .
5 80 e ° 0.5 a 409
< g o = Nl 9
£ 9 ° ; 9 —
— 601 S g > PR v
‘.?_“ 9 : Z 0.4 @--9- ¥
w . - L
g NiZ* Ni%* N | _
A 404 : B ’9_°°\°“°
- K g . o
S 3
0 0.2 v . : .
1.3 1.4 1.5 1.6 19 1.2 'f » l-: L 18 2.0
Potential (V vs. RHE) d og (J/mA cm”™)
C T
@ NLPS/Ni foam @ NLPS/Ni foam
19 Ni-Foam
e o £
= " ° 21564
- ° @ 1=10 mA cm™
G L) > _
- 9 -
N 21 Y = o
\ A &
> . 51.52+ |
14 & sgo®® %9 2
@o°
0 . v 1.48 v v
1 2 3 4 10 15 20
Time (hrs)





media/file11.jpg
Curent Densty (mA )

3

"

T e

-+ w o en
&g

s
Paterta

9
GTIT T2 13 14 15 18 1T 8 (T B S )
Potental (Vvs. RHE) Time tHours)

c -






media/file6.png
Intensity (a.u.)

Intensity (a.u.)

1

Binding Energy (eV)

Binding Energy (eV)

Ni 2p Ni2p,, P2p
Ni ¥ P2p,,
e
&
2
2
g P2p,
Satelite =
<
" " " " " " " " " " N
880 875 870 865 860 855 850 140 138 136 134 132 130
Binding Energy (eV) d Binding Energy (eV)
S2p Li1s 0
S2p
b s, |3
s
=
‘@
c
2
£
I\
NN
" N N N . " " " " "
0 168 166 164 162 160 61 60 59 58 57 56 55 54






